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Description

TECHNICAL FIELD

[0001] This disclosure relates generally to piezoelec-
tric films, as well as devices and systems that incorporate
such films, and methods pertaining to such films.

BACKGROUND

[0002] The piezoelectric effect involves a change in
electric field in response to a change in mechanical stress
or force. A force applied to a piezoelectric material pro-
duces a change in the electric field across the material.
Conversely, an electric field applied across a piezoelec-
tric material produces a mechanical deformation of the
material.
[0003] US 6 297 579 B1 discloses a system for actively
controlling the shape of a sheet of electroactive material.
The system comprises one or more electrodes attached
to the frontside of the electroactive sheet; a charged par-
ticle generator, disposed so as to direct a beam of
charged particles (e.g. electrons) onto the electrode; a
conductive substrate attached to the backside of the
sheet; and a power supply electrically connected to the
conductive substrate. The sheet changes its shape in
response to an electric field created across the sheet by
an accumulation of electric charge within the elec-
trode(s), relative to a potential applied to the conductive
substrate.
[0004] US 2011/242047 A1 discloses a touch screen
panel including an upper substrate, first contact elec-
trodes on the upper substrate, the first contact electrodes
being connected to first detecting lines, a lower substrate,
second contact electrodes on the lower substrate, the
second contact electrodes being connected to second
detecting lines, and a transparent piezoresistive layer be-
tween the first contact electrodes and the second contact
electrodes, the transparent piezoresistive layer being
configured to change resistance at a touch input position
to detect touch pressure and touch coordinates.
[0005] US 2014/082490 A1 discloses a user terminal
apparatus including a display configured to have flexibil-
ity and display a user interface (UI) screen, a feedback
provider which locally provides a feedback effect in at
least one area of the display, and a controller configured
to control the feedback provider to locally provide the
feedback effect to the at least one area of the display,
among all areas of the display in response to determining
that the user intends to provide an input on the UI screen
US20130257744 describes a piezoelectric tactile input
device having two piezoelectric layers with two different
poling alignments.

BRIEF SUMMARY

[0006] The present invention relates to a touch panel
according to claim 1 and, in particular, to a touch panel

comprising a touch sensor. The touch sensor includes a
touch surface, a dielectric core layer. The core layer is
disposed between first and second piezoelectric layers,
each piezoelectric layer comprising a poled piezoelectric
polymer. The touch sensor further includes at least a first
set of individually addressable electrodes disposed over
the first piezoelectric layer and at least one second elec-
trode disposed over the second piezoelectric layer. Cir-
cuitry is coupled to the first set of electrodes and the
second electrode. The circuitry is configured to detect a
change in an electrical signal of at least one electrode of
the first set of electrodes referenced to the second elec-
trode in response to a touch applied to the touch surface.
Moreover, the at least one second electrode comprises
a second set of individually addressable electrodes and
the circuitry is configured to detect a change in one or
more electrical signals of one or more electrodes of the
first set referenced respectively to one or more electrodes
of the second set.
[0007] A touch panel that includes a touch sensor is
also disclosed. The touch sensor has a touch sensor, a
dielectric core layer, and at least one piezoelectric layer
comprising a poled piezoelectric polymer disposed over
a first surface the dielectric core layer. The touch sensor
further includes at least a first set of individually address-
able electrodes disposed over the piezoelectric layer and
at least one second electrode disposed over a second
surface of the core layer. Circuitry is coupled to the first
set of electrodes and the second electrode. The circuitry
is configured to detect a change in an electrical signal of
at least one electrode of the first set of electrodes refer-
enced to the second electrode in response to a touch
applied to the touch surface.
[0008] Moreover, a method is disclosed. A touch sen-
sor may be fabricated by coextruding a core layer with
at least one piezoelectric polymer layer. The piezoelectric
polymer layer is disposed on a first surface of the core
layer. The at least one piezoelectric polymer layer is
poled by applying an electric field across the at least one
electrode of the first set of electrodes referenced to the
second electrode in response to a touch applied to the
touch sensor.
[0009] Some examples are directed to a method of im-
plementing a touch sensor. The touch sensor includes a
core layer disposed between at the first piezoelectric lay-
er and a second piezoelectric layer. Each piezoelectric
layer comprises a poled piezoelectric polymer. At least
a first electrode is disposed over the first piezoelectric
polymer layer and at least a second electrode is disposed
over the second piezoelectric polymer layer. One or both
of the first and second electrodes includes an array of
individually addressable electrodes. A change in voltage
across the sensor responsive to deformation of a first
piezoelectric layer of a touch sensor is detected. At least
one of touch location and touch force magnitude is de-
termined based on the detected change in voltage.
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BRIEF DESCRIPTION OF DRAWINGS

[0010]

FIG. 1 shows a cross sectional view of a multilayer
device that in some implementations may be incor-
porated into a touch sensor;
FIG. 2 shows a cross sectional view of another mul-
tilayer structure that includes a core layer disposed
between first and second piezoelectric layers;
FIG. 3 depicts a multilayer structure that includes
one or more tie layers;
FIG. 4 shows a multilayer structure may be coex-
truded to include a core layer sandwiched between
first and second piezoelectric layers and skin layers
disposed on the first and second piezoelectric layers;
FIG. 5 is a cross sectional view of touch sensor that
may incorporate the multilayer structure shown in
FIGS. 1, 2, and/or 3;
FIG. 6 is a top view of touch sensor that may incor-
porate the multilayer structure shown in FIGS. 1, 2,
and/or 3;
FIG. 7 is a cross sectional view of a touch sensor
that includes a patterned conductive layer disposed
on or over both piezoelectric layers of a multilayer
structure;
FIG. 8 is a cross sectional view illustrating a touch
sensor includes a first adhesion layer disposed be-
tween the first set of electrodes and the first piezo-
electric layer and a second adhesion layer disposed
between the second set of electrodes and the sec-
ond piezoelectric layer;
FIGS. 9 and 10 are a cross sectional and top views,
respectively, of a touch sensor having a row and col-
umn electrode configuration;
FIGS. 11 and 12 are cross sectional diagrams of a
touch sensor during touch down and touch lift off
events, respectively;
FIG. 13 shows a touch display system that includes
circuitry for touch sensing, touch signal processing,
and displaying information;
FIG. 14 shows a device comprising multilayer struc-
ture disposed between unpatterned electrode lay-
ers;
FIG. 15 shows a multilayer structure used in an en-
ergy harvesting device;
FIG. 16 is a flow diagram illustrating a method of
making multilayer structures; and
FIG. 17 illustrates a method of using a multilayer
structure for touch sensing.
In the figures, like reference numerals designate like
elements.

DETAILED DESCRIPTION OF ILLUSTRATIVE EM-
BODIMENTS

[0011] Piezoelectric materials can be used in sensing
and energy generating applications. Some embodiments

described herein involve touch sensing systems having
multilayer touch sensors that incorporate one or more
poled piezoelectric polymeric layers. In some implemen-
tations, a touch sensor comprises one or more piezoe-
lectric layers which are coextruded with a core layer that
provides both mechanical and electrical properties to the
sensor. In this configuration, the piezoelectric layers,
which are relatively expensive, may be thin compared to
the core layer. Decreasing the thickness of the piezoe-
lectric layers reduces the cost of the multilayer device
and a core having a low dielectric constant and high re-
sistivity disposed between the relatively thin piezoelectric
layers serves to provide a sensor signal of acceptable
magnitude. Additionally, the core layer can be configured
to enhance stability and handling durability to the touch
sensor.
[0012] FIG. 1 shows a cross sectional view of a multi-
layer structure 100 that in some implementations may be
incorporated into a touch sensor. The structure 100 in-
cludes a coextruded core layer 101 and piezoelectric lay-
er 102. The core layer is a non-piezoelectric polymer with
the maximum magnitude piezoelectric strain coefficient
in all orientations |d_3x| < 2 pC/N (where x=1,2,3). The
piezoelectric layer 102 exhibits piezoelectric properties
after it has been stretched and electrically poled to align
the dipoles within the material. Alignment of the dipoles
can be accomplished by heating the material and apply-
ing an electric field to the material while it is heated.
Quenching the material after the heating and application
of the electric field freezes the dipoles in alignment. Sub-
sequent application of stress and/or deformation of the
material creates a voltage across the material as the di-
poles realign. Application of a voltage across the material
causes the dipoles to realign which in turn causes defor-
mation of the material.
[0013] The thickness of the multilayer structure 100
can be about 0.02 mm to 0.2 mm with the thickness of
the piezoelectric layer being less than about 10 mm, less
than about 7 mm, or less than about 5 mm, less than about
3 mm, less than about 2 mm, less than about 1 mm. In
some embodiments the thickness of the piezoelectric lay-
er is in a range of about 1 mm to about 5 mm.
[0014] The core layer 101 is non-piezoelectric polymer
having maximum magnitude piezolectric strain coeffi-
cient in all orientations |d_3x| < 2 pC/N (where x=1,2,3).
The core layer may comprise a polymer selected to be
compatible with the piezoelectric material to facilitate co-
extrusion and stretching of the multilayer structure. For
example, if the piezoelectric material is polyvinylidene
fluoride (PVDF), a suitable core layer may comprise po-
ly(methyl) methacrylate (PMMA) or a blend of PMMA and
modifiers such as Kraton, a synthetic block copolymer.
The core layer may comprise a variety of materials in-
cluding polypropylene (PP), polyvinyl chloride (PVC),
polyethylene terephthalate (PET), Polyethylene naph-
thalate (PEN), or any other suitable material.
[0015] It will be understood that the choice of a core
polymer is dependent not only on the intended applica-
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tion, but also on the choice made for the piezoelectric
polymer, and the processing conditions employed in co-
extrusion and/or film stretching. Suitable core polymer
materials should be optically clear, and include but are
not limited to polyethylene naphthalate (PEN) and iso-
mers thereof (such as 2,6-, 1,4-, 1,5-, 2,7-, and 2,3-PEN),
polyalkylene terephthalates (such as polyethylene
terephthalate, polybutylene terephthalate, and poly-1,4-
cyclohexanedimethylene terephthalate), other polyes-
ters, polycarbonates, polyarylates, polyamides (such as
nylon 6, nylon 12, nylon 4/6, nylon 6/6, nylon 6/9, nylon
6/10, nylon 6/12, and nylon 6/T), polyimides (including
thermoplastic polyimides and polyacrylic imides), polya-
mide-imides, polyether-amides, polyetherimides, polyar-
yl ethers (such as polyphenylene ether and the ring-sub-
stituted polyphenylene oxides), polyarylether ketones
such as polyetheretherketone ("PEEK"), aliphatic
polyketones (such as copolymers and terpolymers of eth-
ylene and/or propylene with carbon dioxide), polyphe-
nylene sulfide, polysulfones (including polyethersulfones
and polyaryl sulfones), atactic polystyrene, syndiotactic
polystyrene ("sPS") and its derivatives (such as syndio-
tactic poly-alpha-methyl styrene and syndiotactic poly-
dichlorostyrene), blends of any of these polystyrenes
(with each other or with other polymers, such as polyphe-
nylene oxides), copolymers of any of these polystyrenes
(such as styrene-butadiene copolymers, styrene-acrylo-
nitrile copolymers, and acrylonitrile-butadiene-styrene
terpolymers), polyacrylates (such as polymethyl acrylate,
polyethyl acrylate, and polybutyl acrylate), polymethacr-
ylates (such as polymethyl methacrylate, polyethyl meth-
acrylate, polypropyl methacrylate, and polyisobutyl
methacrylate), cellulose derivatives (such as ethyl cellu-
lose, cellulose acetate, cellulose propionate, cellulose
acetate butyrate, and cellulose nitrate), polyalkylene pol-
ymers (such as polyethylene, polypropylene, polybuty-
lene, polyisobutylene, and poly(4-methyl)pentene), fluor-
inated polymers and copolymers (such as polytetrafluor-
oethylene, polytrifluoroethylene, polyvinyl fluoride, fluor-
inated ethylene propylene copolymers, perfluoroalkoxy
resins, polychlorotrifluoroethylene, polyethylene-co-trif-
luoroethylene, polyethylene-co-chlorotrifluoroethylene),
chlorinated polymers (such as polyvinylidene chloride
and polyvinyl chloride), polyacrylonitrile, polyvinylace-
tate, polyethers (such as polyoxymethylene and polyeth-
ylene oxide), ionomeric resins, elastomers (such as
polybutadiene, polyisoprene, and neoprene), silicone
resins, epoxy resins, and polyurethanes.
[0016] Also suitable are copolymers, miscible or im-
miscible blends of two or more of the above-described
polymers or copolymers. Copolymers of the present in-
vention may be, for example, block copolymers, random
copolymers, or alternating copolymers.
[0017] Suitable comonomers for use in polyesters
such as PET, PEN, PBN or the like may be of the diol or
dicarboxylic acid or ester type. Dicarboxylic acid comon-
omers include but are not limited to terephthalic acid,
isophthalic acid, phthalic acid, all isomeric naphthalen-

edicarboxylic acids (2,6-, 1,2-, 1,3-, 1,4-, 1,5-, 1,6-, 1,7-,
1,8-, 2,3-, 2,4-, 2,5-, 2,7-, and 2,8-), bibenzoic acids such
as 4,4’-biphenyl dicarboxylic acid and its isomers, trans-
4,4’-stilbene dicarboxylic acid and its isomers, 4,4’-
diphenyl ether dicarboxylic acid and its isomers, 4,4’-
diphenylsulfone dicarboxylic acid and its isomers, 4,4’-
benzophenone dicarboxylic acid and its isomers, halo-
genated aromatic dicarboxylic acids such as 2-chlorot-
erephthalic acid and 2,5-dichloroterephthalic acid, other
substituted aromatic dicarboxylic acids such as tertiary
butyl isophthalic acid and sodium sulfonated isophthalic
acid, cycloalkane dicarboxylic acids such as 1,4-cy-
clohexanedicarboxylic acid and its isomers and 2,6-dec-
ahydronaphthalene dicarboxylic acid and its isomers, bi-
or multi-cyclic dicarboxylic acids (such as the various iso-
meric norbornane and norbornene dicarboxylic acids,
adamantane dicarboxylic acids, and bicyclo-octane di-
carboxylic acids), alkane dicarboxylic acids (such as se-
bacic acid, adipic acid, oxalic acid, malonic acid, succinic
acid, glutaric acid, azelaic acid, and dodecane dicarbo-
xylic acid.), and any of the isomeric dicarboxylic acids of
the fused-ring aromatic hydrocarbons (such as indene,
anthracene, pheneanthrene, benzonaphthene, fluorene
and the like). Alternatively, alkyl esters of these mono-
mers, such as dimethyl terephthalate, may be used.
[0018] Suitable diol comonomers include but are not
limited to linear or branched alkane diols or glycols (such
as ethylene glycol, propanediols such as trimethylene
glycol, butanediols such as tetramethylene glycol, pen-
tanediols such as neopentyl glycol, hexanediols, 2,2,4-
trimethyl-1,3-pentanediol and higher diols), ether glycols
(such as diethylene glycol, triethylene glycol, and poly-
ethylene glycol), chain-ester diols such as 3-hydroxy-2,2-
dimethylpropyl-3-hydroxy-2,2-dimethyl propanoate, cy-
cloalkane glycols such as 1,4-cyclohexanedimethanol
and its isomers and 1,4-cyclohexanediol and its isomers,
bi- or multicyclic diols (such as the various isomeric tri-
cyclodecane dimethanols, norbornane dimethanols, nor-
bornene dimethanols, and bicyclo-octane dimethanols),
aromatic glycols (such as 1,4-benzenedimethanol and
its isomers, 1,4-benzenediol and its isomers, bisphenols
such as bisphenol A, 2,2’-dihydroxy biphenyl and its iso-
mers, 4,4’-dihydroxymethyl biphenyl and its isomers, and
1,3-bis(2-hydroxyethoxy)benzene and its isomers), and
lower alkyl ethers or diethers of these diols, such as dime-
thyl or diethyl diols.
[0019] Tri- or polyfunctional comonomers, which can
serve to impart a branched structure to the polyester mol-
ecules, can also be used. They may be of either the car-
boxylic acid, ester, hydroxy or ether types. Examples in-
clude, but are not limited to, trimellitic acid and its esters,
trimethylol propane, and pentaerythritol.
[0020] Also suitable as comonomers are monomers of
mixed functionality, including hydroxycarboxylic acids
such as parahydroxybenzoic acid and 6-hydroxy-2-
naphthalenecarboxylic acid, and their isomers, and tri-
or polyfunctional comonomers of mixed functionality
such as 5-hydroxyisophthalic acid and the like.

5 6 



EP 3 072 169 B1

5

5

10

15

20

25

30

35

40

45

50

55

[0021] The core layer 101 may be substantially opti-
cally transparent, flexible, and elastically deformable. For
example, in some implementations, the elastic modulus
of the core material may be on the order of about 2.5 to
3 GPa, in other embodiments the elastic modulus of the
core material may be on the order of 0.5 GPa. Or in a
range between about 0.5 GPa and about 3 GPa. In some
embodiments, the core layer 101 can be designed to
have specified resistivity and/or dielectric constant. For
example, the resistivity of the core layer 101 may be
greater than about 1015 Ω-cm or greater than about 1017

Q-cm and the dielectric constant of the material can be
less than 10, or less than 7, or less than 5, or in a range
of about 2 to about 5. The core layer 101 can be relatively
thick compared to the piezoelectric layer 102. For exam-
ple the thickness of the core layer 101 may be more than
2 times, more than 5 times, or even more than 10 times
the thickness of the piezoelectric layer 102.
[0022] In some implementations, the piezoelectric lay-
er 102 may be disposed directly on the core layer 101.
In other implementations, there may be an intervening
layer between the core layer 101 and the piezoelectric
layer 102. The piezoelectric layer may be or comprise a
layer of PVDF, a fluoropolymer, and/or copolymer of vi-
nylidene fluoride and trifluoroethylene (TrFE). The pie-
zoelectric layer is elastically deformable and in some im-
plementations can have an elastic modulus in a range of
about 1 to 1.5 GPa and may be substantially optically
transparent. As previously mentioned, to exhibit the pie-
zoelectric characteristic, the PVDF of other layer, is
stretched to at least 4 times its original length (uniaxial
stretching) or to at least 2 times its original length and
width (biaxial stretching), and electrically poled. Stretch-
ing uniaxially by 5 times or more, or biaxially by 3 times
or more can provide better properties. After the stretch-
ing, the piezoelectric layer may have crystallinity in a
range of 40% to 60%, for example.
[0023] The piezoelectric film may be poled simultane-
ously while being stretched or may be poled after the
stretching. Poling PVDF can involve holding the film at a
temperature of 80 to 120° C with exposure to an electric
field of about 50 to 500 MV/m. The poling process may
take 30 minutes to several hours which includes time for
cooling. Alternatively, PVDF can be poled at room tem-
perature using higher electrical fields, e.g., 100 to 800
MV/m. There are a number of methods that can be used
to achieve the poling. The poled piezoelectric polymer
has a piezoelectric voltage constant (d33) of at least about
5 pC/N.
[0024] The poled and stretched piezoelectric layer may
have a resistivity greater than about 1014 Ω-cm, for ex-
ample, and a dielectric constant greater than that of the
core, e.g., about 8 to 14. The relatively lower dielectric
constant of the core material when compared to that of
the piezoelectric layer may allow for higher electric field
concentration in the piezoelectric layers of the multilayer
structure when compared with a layer of similar thickness
comprising the piezoelectric material without the core.

The multilayer structure may additionally or alternatively
have reduced leakage current due to the resistivity of the
core, (on the order of 1017 Ω-cm) which can be higher
than the resistivity of the piezoelectric layer. The multi-
layer structure may also exhibit higher electrical break-
down strength than a similar thickness comprising the
piezoelectric material without the core.
[0025] The core may also have a higher elastic mod-
ulus than the piezoelectric layer. For example, the core
layer may have an elastic modulus higher, e.g., two or
three times higher, than that of the piezoelectric layer.
For example, when PMMA and PVDF are used for the
core and piezoelectric layers, respectively, the core layer
has an elastic modulus of about 3GPa and the piezoe-
lectric layer has an elastic modulus about 1 to 1.5 GPa.
[0026] Stretching causes alignment of the crystals
within the PVDF layer. This leads to anisotropy in mate-
rials properties such as the thermal expansion, and pie-
zoelectric coefficients. For example, in a uniaxially
stretched film, the piezoelectric coefficients might be d31
∼ 20 pC/N, d32∼ 2 pC/N, and d33 ∼ -30 pC/N. For these
values, the directions are defined as is the convention
with axis 1 being the direction in which the film is
stretched, axis 2 being the orthogonal direction to axis 1
in the plan of the film and axis 3 being the direction normal
to the plane of the film. In the case of biaxially oriented
film, d31 = d32 (i.e., there is no difference in the plane of
the film). The orientation of the crystals can be observed
via techniques such as X-ray diffraction.
[0027] FIG. 2 shows a cross sectional view of another
multilayer structure 200 that includes a core layer 201
disposed between first and second piezoelectric layers
202, 203. The core and piezoelectric layers may be co-
extruded and have similar electrical, optical, and me-
chanical properties as described in connection with FIG.
1. The core layer is a non-piezoelectric polymer with a
maximum magnitude piezolectric strain coefficient in all
orientations |d_3x| < 2 pC/N (where x=1,2,3). The overall
thickness of the multilayer structure 200 may be about
0.025 mm to 0.15 mm. In some embodiments, the core
layer has a thickness at least about 1/6 the combined
thickness of the core layer, the first piezoelectric layer
202 and the second piezoelectric layer 203. In some em-
bodiments, the core layer has a thickness less than about
2/3 the combined thickness of the core layer, the first
piezoelectric layer and the second piezoelectric layer.
Each of the first and second piezoelectric layers may
have a thickness less than about 10 mm, less than about
7 mm, or even less than about 5 mm, for example.
[0028] As shown in the cross section of FIG. 3, in some
embodiments, a multilayer structure 300 may be coex-
truded including one or more tie layers 304, 305 disposed
between at least one of the piezoelectric layers 302, 303
and the core layer 301. A tie layer between core layer
301 and one or both of the piezoelectric layers 302, 303
can allow use of a wider range of polymers for the core
layer 301. For example, a thin layer of PMMA could be
used as a tie layer to increase the layer adhesion with a
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PP, PVC, PET, or PEN core layer.
[0029] As shown in the cross section of FIG. 4, in some
embodiments, the multilayer structure 400 may be coex-
truded to include a core layer 401 sandwiched between
first and second piezoelectric layers 402, 403. As shown
in FIG. 4, skin layers 406, 407 can be disposed on the
first and second piezoelectric layers 402, 403. The skin
layers 406, 407 may be easily strippable, allowing them
to be removed before further processing of the core 401
and piezoelectric layers 402, 403. For example, the skin
layers 406, 407 may be removed after stretching the mul-
tilayer structure 400. The skin layers 406, 407 may en-
hance the stretchability of the multilayer structure 400
and may also make it easier to handle. The skin layers
406, 407, can serve as temporary protective layers for
the piezoelectric layers 402, 403, reducing damage to
these layers during processing. For example, skins made
from PET will adhere well enough to piezoelectric layers
of PVDF to allow for stretching and handling of the mul-
tilayer structure, but the PET skin layers can still be re-
moved relatively easily for direct access to the PVDF
layers, e.g., for fabrication of electrodes on the PVDF
layers.
[0030] The multilayer structures 100, 200, 300, 400 il-
lustrated in FIGS. 1 through 4 are useful for touch sens-
ing. Touch sensing involves determining information
about a touch made to a touch surface, where the infor-
mation may include detecting touch down, touch lift off,
touch locations of one or multiple temporally overlapping
touches, touch forces of one or multiple temporally over-
lapping touches, and/or other touch information. The time
duration of the touches may range from a relatively short
tap at a single location, to longer touches and/or touches
that are tracked as the touches move across the touch
surface.
[0031] When a touch is applied to the piezoelectric lay-
er, dipoles in the piezoelectric layer are mechanically re-
aligned, producing a transient voltage across the layer.
The voltage signal can be detected using electrodes dis-
posed on either side of the piezoelectric layer and ana-
lyzed to acquire touch information. The resolution of the
touch location information is related to the distribution of
individually addressable electrodes disposed across at
least one side of a piezoelectric layer.
[0032] FIG. 5 is a cross sectional view and FIG. 6 is a
top view of touch sensor 500 that incorporates the mul-
tilayer structure 200 shown in FIG. 2, but which could
alternatively incorporate the multilayer structures 100,
300 shown in FIGS. 1 and 3. The multilayer structure 200
includes a core layer 201 disposed between first and sec-
ond piezoelectric layers 202, 203. Electrodes 502, 503
are disposed on either side of the multilayer structure
200. The electrodes can be deposited directly onto the
piezoelectric layers. The electrodes may be transparent.
Examples of transparent electrodes include indium tin
oxide (ITO) and antimony doped tin oxide (ATO), silver
nano-wires, and micro-wire meshes. The electrodes may
be unpatterned, e.g., continuous, or patterned on one or

both sides of the piezoelectric films.
[0033] In the illustrated touch sensor 500 shown in
FIGS. 5 and 6, a patterned layer of a conductive material
is formed on or over the first piezoelectric layer 202. The
patterned layer provides a first set of individually address-
able electrodes 502 that are electrically coupled to the
first piezoelectric layer 202. An unpatterned layer of con-
ductive material is formed on or over the second piezo-
electric layer 203. The unpatterned layer provides a sec-
ond electrode 503 that is electrically coupled to the sec-
ond piezoelectric layer 203. Protective layers 504, 505
cover and protect the electrodes 502, 503. The surface
504a, 505a of either or both protective layers 504, 505
may form a touch surface of the touch sensor 500. One
or both layers 504, 505 may be elastically deformable,
allowing deformation of the piezoelectric layers 202, 203
in response to the touch. In some embodiments, the first
protective layer 504 is elastically deformable, surface
504a forms the touch surface, and the second protective
layer 505 is rigid.
[0034] FIG. 7 is a cross sectional view of a touch sensor
700 that includes a patterned conductive layer disposed
on or over both piezoelectric layers 202, 203 of the mul-
tilayer structure 200. The patterned conductive layers
provide a first set of individually addressable electrodes
702 disposed on or over the first piezoelectric layer 202
and a second set of individually addressable electrodes
703 disposed over the second piezoelectric layer 203.
The protective layers previously described in connection
with FIGS. 5 and 6 are not shown in FIG. 7.
[0035] FIG. 8 is a cross sectional view illustrating a
touch sensor 800 that is similar in some respects to the
touch sensor 700 depicted in FIG. 7. Touch sensor 800
additionally includes a first adhesion layer 802 disposed
between the first set of electrodes 702 and the first pie-
zoelectric layer 202 and a second adhesion layer 803
disposed between the second set of electrodes 703 and
the second piezoelectric layer 203. The adhesion layers
802, 803 may be thin layers that are coextruded on the
outer surfaces of the piezoelectric layers 202, 203. The
adhesion layers 802, 803 enhance the bond between the
electrodes 702, 703 and the piezoelectric layers 202,
203. For example, a thin layer of PET could be used as
an adhesion layer since many conductors are formulated
to adhere to PET. The adhesion layers may be used in
addition to tie layers (not shown) between the piezoelec-
tric layers 202, 203 and the adhesion layers 802, 803 to
enhance the bond strength between these layers. In
some embodiments the tie layers are PMMA. Alterna-
tively, or in addition to the adhesion layers, the film sur-
face may be treated chemically or via plasma, for exam-
ple, to enhance the bond between the electrodes and the
piezoelectric layers.
[0036] FIG. 9 is a cross sectional view and FIG. 10 is
a top view of a touch sensor 900 having a row and column
electrode configuration. In this configuration, a first set
of electrodes 902 are patterned as row electrodes dis-
posed on or over the first piezoelectric layer 202 of mul-
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tilayer structure 200. A second set of electrodes 903 are
patterned as column electrodes disposed on or over the
second piezoelectric layer 203 of multilayer structure
200. In this configuration, the row electrodes 902 can
serve as sense electrodes and the column electrodes
can serve as select electrodes 903, although the opposite
configuration is also possible, wherein the row electrodes
serve as select electrodes and the column electrodes
serve as sense electrodes. FIG. 9 depicts first and sec-
ond protective layers 904, 905 covering the electrodes
902, 903.
[0037] For example, when select electrode 903a is se-
lected, such as by electrically connecting the select elec-
trode 903a to the sensing circuitry, sensing the electrical
signal present at each row sense electrode 902 provides
an indication of the deformation state of the piezoelectric
layers 202, 203 at the location of each node 911 between
the select electrode 903a and the sense electrodes 902.
The select electrodes 903 are scanned, e.g., each select
electrode is sequentially connected to the sense circuitry,
and the voltages at the sense electrodes 902 is recorded
to determine the deformation state at each node 911
across the touch surface. A voltage change at any of the
nodes indicates a touch at the node location. In addition,
the amount or degree of deformation can be used to de-
termine the force of the touch on the touch surface.
[0038] FIGS. 11 and 12 are cross sectional diagrams
of the touch sensor 900 during touch down and touch lift
off events, respectively. FIGS. 11 and 12 also show ide-
alized versions of the signal output, V(t), of the touch
sensor 900 during the touch down and touch lift off
events.
[0039] A touch applied to the touch surface by a touch
implement, such as a finger 999, causes a localized de-
formation of the touch surface 904a at the touch location
1110, which in turn causes a localized deformation of
one or both of the piezoelectric layers 202, 203. The lo-
calized deformation of the piezoelectric layers produces
a transient voltage signal 991 caused by movement of
the dipoles in one or both of the piezoelectric layers 202,
203 during the deformation caused by the touch imple-
ment 999. The transient voltage signal 991 correspond-
ing to a touch down event is detectable across the elec-
trodes 902, 903 that are in the vicinity of the touch location
1110.
[0040] Touch lift off occurs when the touch implement
999 is removed from the touch surface as illustrated in
FIG. 12. When the touch is removed, the touch surface
elastically returns to its previous position. When the de-
formation is removed, realignment of the dipoles in one
or both of the piezoelectric layers produces a transient
voltage signal 992 in the vicinity of the location 1110 of
the previous touch. The transient voltage signal 992 cor-
responding to a touch lift off event is detectable between
the electrodes 902, 903 that are in the vicinity of the touch
location 1110.
[0041] FIG. 13 shows a touch display system 1300 that
includes circuitry for touch sensing, touch signal process-

ing, and displaying information. A touch device includes
a touch sensor 1301 and touch controller configured for
touch sensing and touch signal processing. A display de-
vice includes a display and a display controller. The touch
and display controllers may be coupled to a host com-
puter. If the layers of the touch sensor 1301 are substan-
tially optically transparent, the display may be arranged
so that it is viewable through the touch sensor 1301. FIG.
13 depicts a touch sensor having row R1 - R5 and column
C1 -C2 electrodes electrically coupled to touch controller
circuitry. The touch controller includes electrode select
circuitry, such as multiplexers, configured to scan
through the select electrodes while sensing touch input
signals from the sense electrodes using sensing circuitry.
The sensing circuitry may include various signal process-
ing components, such as filters, e.g., notch, bandpass,
low and/or high pass filters, amplifiers, threshold detec-
tors, analog-to-digital converters, and/or other signal
processing components. The processed touch input sig-
nals are optionally analyzed by a touch information proc-
essor present in the touch controller. The touch informa-
tion processor is configured to determine touch informa-
tion based on the processed touch input signal. In some
embodiments the processed touch input signals may be
transferred to a host computer and the host computer
determines the touch information.
[0042] As previously discussed, the multilayer struc-
tures depicted herein can be used to form touch sensors
that can be used to determine touch information including
touch location and touch force. While useful for touch
sensing, the multilayer structures described and depicted
herein may be implemented in a number of applications,
including energy harvesting (harvesting the energy cre-
ated by motion of the multilayer structure) and large area
pressure sensing. In both large area pressure sensing
and energy harvesting, multilayer structures similar to
those depicted in FIGS. 1 through 8 may be used. In
these applications, both of the electrode layers may be
unpatterned as shown in FIGS. 14 and 15. FIG. 14 shows
a device 1400 comprising multilayer structure 200 dis-
posed between unpatterned electrode layers 1402,
1403. Protective layers 1404, 1405 are arranged on the
electrode layers 1402, 1403. For large area pressure
sensing applications changes in pressure at the pressure
sensing surface, which can be one or both of surfaces
1404a and 1405a causes deformation of the piezoelectric
layers within the multilayer structure 200. The deforma-
tion is detected as a transient voltage signal between the
electrodes 1402, 1403.
[0043] For energy harvesting applications, illustrated
in FIG. 15, the multilayer structure 1400 can be used to
form a piezoelectric cantilever that bends or moves, gen-
erating energy. The energy generated by movement of
the multilayer structure 1400 can be stored in a capacitor
or other energy storage device.
[0044] FIG. 16 is a flow diagram illustrating a method
of making multilayer structures discussed herein. The
method includes coextruding 1610 at least one core layer
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with at least one piezoelectric polymer layer, forming a
coextruded subsassembly. The coextruded subassem-
bly is stretched, heated, and an electric field is applied
1620 to the heated subassembly to pole the piezoelectric
polymer layer. Electrodes are formed 1630 on either side
of the coextruded subassembly. In various applications,
the electrodes can optionally be coupled 1640 to circuitry
configured to detect touch, pressure, or provide energy
storage.
[0045] In some configurations, the at least one piezo-
electric polymer layer comprises a first piezoelectric pol-
ymer layer and a second piezoelectric polymer layer. In
this configuration, coextruding the core layer with the at
least one piezoelectric polymer layer comprises coex-
truding the core layer sandwiched between the first pie-
zoelectric polymer layer and the second piezoelectric pol-
ymer layer.
[0046] The coextruding can include coextruding a
strippable layer disposed on the at least one piezoelectric
polymer layer. When first and second piezoelectric layers
are used, the coextruding can include coextruding a first
strippable layer on the first piezoelectric layer and a sec-
ond strippable layer on the second piezoelectric layer.
The strippable layers are stripped from the piezoelectric
polymer layer and electrodes are formed on the piezoe-
lectric layers.
[0047] In some implementations, coextruding includes
coextruding at least one of a first tie layer disposed be-
tween the core layer and a first piezoelectric polymer
layer and a second tie layer disposed between the core
layer and the second piezoelectric polymer layer. Coex-
truding may additionally or alternatively include one or
more of coextruding a first adhesion layer on the first
piezoelectric layer and coextruding a second adhesion
layer on the second piezoelectric polymer layer.
[0048] FIG. 17 illustrates a method of using a multilayer
structure described herein for touch sensing. The method
include detecting 1710 a change in voltage across a elec-
trodes of a touch sensor due to deformation of a poled
piezoelectric layer of the touch sensor, the touch sensor
including a core layer disposed between a first piezoe-
lectric layer and a second piezoelectric layer, each pie-
zoelectric layer comprising a poled piezoelectric poly-
mer. The electrodes include at least a first electrode dis-
posed over the first piezoelectric layer and at least a sec-
ond electrode disposed over the second piezoelectric
layer. One or both of the first and second electrodes com-
prise individually addressable electrodes. At least one of
a touch location and touch force is determined 1720
based on the detected change in voltage. In some im-
plementations, the at least one first electrode comprises
a first set of individually addressable electrodes and the
at least one second electrode comprises a second set of
individually addressable electrodes. Detecting the
change in voltage comprises detecting the change in volt-
age from an electrode of the first set referenced to an
electrode of the second set.
[0049] In some implementations, determining the

touch location comprises determining locations of multi-
ple touches that may occur simultaneously or substan-
tially simultaneously. The touch locations of a touch that
moves across the touch surface can be determined from
the changes in voltages.
[0050] Touch sensing using a piezoelectric-based sen-
sor can facilitate detection of a gloved touch or a stylus
touch, which is not as straightforwardly accomplished us-
ing other touch sensing methods such as capacitive
sensing. As such, a touch device may be configured in-
corporate both touch sensing techniques such that pie-
zoelectric touch sensing is combined with capacitive
touch sensing to enhance acquisition of touch sensing
information. For example, capacitive sensing can be
used in certain circumstances, such as for finger touches,
and piezoelectric touch sensing can be used in other cir-
cumstances, such as for stylus or gloved touches. In
some embodiments, piezoelectric sensing can be used
to acquire some touch information, e.g., touch down,
touch lift off and/or touch force, and capacitive touch
sensing can be used to acquire different touch informa-
tion, such as touch location. In some implementations,
the piezoelectric sensing and capacitive sensing may use
the same electrodes, with the touch controller circuitry
including additional circuitry for driving electrodes for ca-
pacitive sensing. The touch controller circuitry may be
configured to sequentially apply a drive signal to a first
set of the electrodes and to sense the response signal
at each electrode of a second set. Both the change in
voltage across the touch sensor responsive to the defor-
mation caused by the touch and the response signal in-
dicative of a change in capacitance can be analyzed to
provide information about the touch. In some implemen-
tations, the analysis may include separating the signal
component generated by the piezoelectric layer from the
signal component generated by the capacitive sensing.
For example, the signal component generated by the pi-
ezoelectric layer may be separated from the signal com-
ponent generated by the capacitive sensing by appropri-
ate filtering and/or other signal processing.
[0051] As previously discussed a voltage applied
across the multilayer structure including one or more pi-
ezoelectric layers can cause movement of the piezoe-
lectric layers caused by alignment of the dipoles with the
applied voltage. This phenomenon may be useful to pro-
vide haptic feedback to a user. For example, when a
touch is detected at a location, a voltage may be applied
to the electrodes at the touch location, causing move-
ment of the piezoelectric layer that is discernible by the
user.

Claims

1. A touch panel, comprising:

a touch sensor (500, 700, 800, 900, 1301, 1400),
comprising:
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a touch surface (504a, 505a, 904a, 1404a,
1405a);
a dielectric core layer (201, 301, 401);
at least a first piezoelectric layer (202, 302,
402) and a second piezoelectric layer (203,
303, 403), the dielectric core layer disposed
between the first and second piezoelectric
layers, each piezoelectric layer comprising
a poled piezoelectric polymer;
at least a first set of individually addressable
electrodes (502, 702, 902, 1402) disposed
over the first piezoelectric layer; and
at least one second electrode (503, 703,
903, 1403) disposed over the second pie-
zoelectric layer; and

circuitry coupled to the first set of electrodes and
the second electrode, the circuitry configured to
detect a change in an electrical signal of at least
one electrode of the first set of electrodes refer-
enced to the second electrode in response to a
touch applied to the touch surface.

2. The touch panel of claim 1, wherein the at least one
second electrode comprises a second set of individ-
ually addressable electrodes and the circuitry is con-
figured to detect a change in one or more electrical
signals of one or more electrodes of the first set ref-
erenced respectively to one or more electrodes of
the second set.

3. The touch panel of claim 1, wherein the first poled
piezoelectric polymer layer is disposed directly on a
first surface of the core layer and the second poled
piezoelectric polymer layer is disposed directly on a
second surface of the core layer.

4. The touch panel of any of claim 1, wherein the poled
piezoelectric polymer comprises polyvinylidene flu-
oride (PVDF).

5. The touch panel of any of claim 1, wherein the poled
piezoelectric polymer comprises a fluoropolymer or
a PVDF - trifluoroethylene (TrFE) copolymer.

6. The touch panel of claim 1, wherein the poled pie-
zoelectric polymer has a piezoelectric voltage con-
stant (d33) of at least about 5 pC/N.

7. The touch panel of claim 1, wherein the core layer
comprises a polymer.

8. The touch panel of claim 1, wherein the core layer
comprises poly(methyl methacrylate (PMMA).

9. The touch panel of claim 1, wherein the core layer
has a dielectric constant of about 2 to about 5.

10. The touch panel of claim 1, wherein the core layer
has a resistivity of greater than about 1015 Ω-cm.

11. The touch panel of claim 1, wherein the core layer
has an elastic modulus in a range of about 0.5 GPa
to about 3GPa.

12. The touch panel of claim 1, wherein the core layer,
the first and second piezoelectric layers, the first set
of electrodes, and the at least one second electrode
are substantially optically transparent.

13. The touch panel of claim 1, further comprising one
or more of:

a first tie layer disposed between the first piezo-
electric layer and the core layer; and
a second tie layer disposed between the second
piezoelectric layer and the core layer.

14. The touch panel of claim 1, further comprising one
or more of:

a first adhesion layer disposed between the first
set of electrodes and the first piezoelectric layer;
and
a second adhesion layer disposed between the
at least one second electrode and the second
piezoelectric layer.

15. The touch panel of claim 1, further comprising at least
one of:

a first protective layer disposed over the first set
of electrodes; and
a second protective layer disposed over the at
least one second electrode.

Patentansprüche

1. Ein Touchpanel, umfassend:

einen Berührungssensor (500, 700, 800, 900,
1301, 1400), umfassend:

eine Berührungsoberfläche (504a, 505a,
904a, 1404a, 1405a);
eine dielektrische Kernschicht (201, 301,
401);
mindestens eine erste piezoelektrische
Schicht (202, 302, 402) und eine zweite pi-
ezoelektrische Schicht (203, 303, 403), wo-
bei die dielektrische Kernschicht zwischen
der ersten und der zweiten piezoelektri-
schen Schicht angeordnet ist, wobei jede
piezoelektrische Schicht ein gepoltes pie-
zoelektrisches Polymer umfasst;
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mindestens einen ersten Satz einzeln an-
steuerbarer Elektroden (502, 702, 902,
1402), die über der ersten piezoelektri-
schen Schicht angeordnet sind; und
mindestens eine zweite Elektrode (503,
703, 903, 1403), die über der zweiten pie-
zoelektrischen Schicht angeordnet ist; und

eine Schaltung, die an den ersten Satz von Elek-
troden und die zweite Elektrode gekoppelt ist,
wobei die Schaltung konfiguriert ist, eine Ände-
rung eines elektrischen Signals von mindestens
einer Elektrode des ersten Satzes von Elektro-
den, bezogen auf die zweite Elektrode als Re-
aktion auf eine Berührung, die an die Berüh-
rungsoberfläche angelegt wird, zu detektieren.

2. Das Touchpanel nach Anspruch 1, wobei die min-
destens eine zweite Elektrode einen zweiten Satz
einzeln ansteuerbarer Elektroden umfasst und die
Schaltung konfiguriert ist, um eine Änderung eines
oder mehrerer elektrischer Signale von einer oder
mehreren Elektroden des ersten Satzes, bezogen
jeweils auf eine oder mehrere Elektroden des zwei-
ten Satzes, zu detektieren.

3. Das Touchpanel nach Anspruch 1, wobei die erste
gepolte piezoelektrische Polymerschicht direkt auf
einer ersten Oberfläche der Kernschicht angeordnet
ist und die zweite gepolte piezoelektrische Polymer-
schicht direkt auf einer zweiten Oberfläche der Kern-
schicht angeordnet ist.

4. Das Touchpanel nach Anspruch 1, wobei das gepol-
te piezoelektrische Polymer Polyvinylidenfluorid
(PVDF) umfasst.

5. Das Touchpanel nach Anspruch 1, wobei das gepol-
te piezoelektrische Polymer ein Fluorpolymer oder
ein PVDF-Trifluorethylen-Copolymer (TrFE-Copoly-
mer) umfasst.

6. Das Touchpanel nach Anspruch 1, wobei das gepol-
te piezoelektrische Polymer eine piezoelektrische
Spannungskonstante (d33) von mindestens etwa 5
pC/N aufweist.

7. Das Touchpanel nach Anspruch 1, wobei die Kern-
schicht ein Polymer umfasst.

8. Das Touchpanel nach Anspruch 1, wobei die Kern-
schicht Poly(methylmethacrylat (PMMA) umfasst.

9. Das Touchpanel nach Anspruch 1, wobei die Kern-
schicht eine Dielektrizitätskonstante von etwa 2 bis
etwa 5 aufweist.

10. Das Touchpanel nach Anspruch 1, wobei die Kern-

schicht einen spezifischen Widerstand von mehr als
etwa 1015 Ω-cm aufweist.

11. Das Touchpanel nach Anspruch 1, wobei die Kern-
schicht einen Elastizitätsmodul in einem Bereich von
etwa 0,5 GPa bis etwa 3 GPa aufweist.

12. Das Touchpanel nach Anspruch 1, wobei die Kern-
schicht, die erste und die zweite piezoelektrische
Schicht, der erste Satz von Elektroden und die min-
destens eine zweite Elektrode im Wesentlichen op-
tisch transparent sind.

13. Das Touchpanel nach Anspruch 1, ferner umfas-
send eines oder mehrere von:

einer ersten Verbindungsschicht, die zwischen
der ersten piezoelektrischen Schicht und der
Kernschicht angeordnet ist; und
einer zweiten Verbindungsschicht, die zwischen
der zweiten piezoelektrischen Schicht und der
Kernschicht angeordnet ist.

14. Das Touchpanel nach Anspruch 1, ferner umfas-
send eines oder mehrere von:

einer ersten Adhäsionsschicht, die zwischen
dem ersten Satz von Elektroden und der ersten
piezoelektrischen Schicht angeordnet ist; und
einer zweiten Adhäsionsschicht, die zwischen
der mindestens einen zweiten Elektrode und der
zweiten piezoelektrischen Schicht angeordnet
ist.

15. Das Touchpanel nach Anspruch 1, ferner umfas-
send mindestens eines von:

einer ersten Schutzschicht, die über dem ersten
Satz Elektroden angeordnet ist; und
einer zweiten Schutzschicht, die über der min-
destens einen zweiten Elektrode angeordnet ist.

Revendications

1. Panneau tactile comprenant :

un capteur tactile (500, 700, 800, 900, 1301,
1400), comprenant :

une surface tactile (504a, 505a, 904a,
1404a, 1405a) ;
une couche de noyau diélectrique (201,
301, 401) ;
au moins une première couche piézoélec-
trique (202, 302, 402) et une seconde cou-
che piézoélectrique (203, 303, 403), la cou-
che de noyau diélectrique étant disposée
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entre les première et seconde couches pié-
zoélectriques, chaque couche piézoélectri-
que comprenant un polymère piézoélectri-
que polarisé ;
au moins un premier ensemble d’électrodes
adressables individuellement (502, 702,
902, 1402) disposées sur la première cou-
che piézoélectrique ; et
au moins une seconde électrode (503, 703,
903, 1403) disposée sur la seconde couche
piézoélectrique ; et

un système de circuits couplé au premier en-
semble d’électrodes et à la seconde électrode,
le système de circuits étant configuré pour dé-
tecter un changement dans un signal électrique
d’au moins une électrode du premier ensemble
d’électrodes par rapport à la seconde électrode
en réponse à un toucher appliqué à la surface
tactile.

2. Panneau tactile selon la revendication 1, dans lequel
l’au moins une seconde électrode comprend un se-
cond ensemble d’électrodes adressables individuel-
lement et le système de circuits est configuré pour
détecter un changement dans un ou plusieurs si-
gnaux électriques d’une ou plusieurs électrodes du
premier ensemble dans chaque cas par rapport à
une ou plusieurs électrodes du second ensemble.

3. Panneau tactile selon la revendication 1, dans lequel
la première couche de polymère piézoélectrique po-
larisé est disposée directement sur une première
surface de la couche de noyau et la seconde couche
de polymère piézoélectrique polarisé est disposée
directement sur une seconde surface de la couche
de noyau.

4. Panneau tactile selon la revendication 1, dans lequel
le polymère piézoélectrique polarisé comprend du
fluorure de polyvinylidène (PVDF).

5. Panneau tactile selon la revendication 1, dans lequel
le polymère piézoélectrique polarisé comprend un
fluoropolymère ou un PVDF - copolymère de trifluo-
roéthylène (TrFE).

6. Panneau tactile selon la revendication 1, dans lequel
le polymère piézoélectrique polarisé a une constante
de tension piézoélectrique (d33) d’au moins environ
5 pC/N.

7. Panneau tactile selon la revendication 1, dans lequel
la couche de noyau comprend un polymère.

8. Panneau tactile selon la revendication 1, dans lequel
la couche de noyau comprend du poly(méthacrylate
de méthyle (PMMA).

9. Panneau tactile selon la revendication 1, dans lequel
la couche de noyau a une constante diélectrique
d’environ 2 à environ 5.

10. Panneau tactile selon la revendication 1, dans lequel
la couche de noyau a une résistivité supérieure à
environ 1015 Ω-centimètre.

11. Panneau tactile selon la revendication 1, dans lequel
la couche de noyau a un module d’élasticité dans
une plage d’environ 0,5 GPa à environ 3 GPa.

12. Panneau tactile selon la revendication 1, dans lequel
la couche de noyau, les première et seconde cou-
ches piézoélectriques, le premier ensemble d’élec-
trodes et l’au moins une seconde électrode sont sen-
siblement optiquement transparents.

13. Panneau tactile selon la revendication 1, compre-
nant en outre un ou plusieurs des éléments
suivants :

une première couche de liaison disposée entre
la première couche piézoélectrique et la couche
de noyau ; et
une seconde couche de liaison disposée entre
la seconde couche piézoélectrique et la couche
de noyau.

14. Panneau tactile selon la revendication 1, compre-
nant en outre un ou plusieurs des éléments
suivants :

une première couche d’adhésion disposée entre
le premier ensemble d’électrodes et la première
couche piézoélectrique ; et
une seconde couche d’adhésion disposée entre
l’au moins une seconde électrode et la seconde
couche piézoélectrique.

15. Panneau tactile selon la revendication 1, compre-
nant en outre au moins l’un des éléments suivants :

une première couche protectrice disposée sur
le premier ensemble d’électrodes ; et
une seconde couche protectrice disposée sur
l’au moins une seconde électrode.
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